Abstract. We previously showed that tumor necrosis factor-α (tnF-α) induces the dysregulation of intracellular calcium [ca 2+ ] i in β-cells by decreasing the levels of the cytoplasmic ca 2+ binding protein calbindin-d 28k . the purpose of the present study was to test the hypothesis that tnF-α-induced dysregulation of [ca 2+ ] i in insulin-producing β-cells causes proteolytic degradation of iκBα and consequently leads to the transcriptional activation of nuclear factor-κB (nF-κB). to test this hypothesis, rat insulinoma (rinr 1046-38) cells, which are an insulin-secreting transformed β-cell line that constitutively expresses calbindin-d 28k , were treated with increasing concentrations of tnF-α. using the FunctionEliSa procedure to measure degradation of the iκBα subunit as phospho-iκBα, it was found that, while in the control rin cell lysate there was no phospho-iκBα present, in the rin cells exposed to 2, 5, 10, 20 and 30 ng/ml tnF-α, 17.176±2. 85, 17.292±4.35, 53.77±5.63, 30.58±4.89 and 12±3.27 ng/ml phospho-iκBα/mg of total cell protein was observed, respectively (n=3, p<0.05). upon treatment of rin cells with 2, 5, 10, 20 and 30 ng/ml tnF-α, the relative increases in the nF-κB transcriptional activities based on the dna binding activity of nF-κB determined using an EliSa-based kit were 6.86±0. 76-, 8.42±1.27-, 7.8±2.32-, 10.28±1.96-and 6.3±1.57-fold, respectively (n=3, p<0.05). the nuclear translocation of nF-κB measured by immunofluorescence showed that, while the ratio of fluorescence in nuclei to that in the cytoplasm of untreated rin cells was 0.2078±0.0778 (n=11), in rin cells treated with 10 ng/ ml tnF-α, the ratio was 0.6267±0.1186 (n=11), indicating a statistically significant increase (P<0.05) in the nuclear translocation of nF-κB. these observations suggest that, in insulin-producing β-cells, the tnF-α-induced degradation of iκBα leads to nuclear translocation and the transcriptional activation of nF-κB.
Introduction
Failure of insulin-producing β-cells is a common feature of type 1 and type 2 diabetes mellitus. anti-β-cell autoimmune reactions and associated inflammation lead to β-cell death in type 1 diabetes, whereas in type 2 diabetes the metabolic disorders produce inflammatory mediators in insulin-sensitive tissues leading to elevated levels of circulating inflammatory mediators, such as interleukin-6 and tumor necrosis factor-α (tnF-α) (1, 2) .
cytokines, such as tnF-α, induce β-cell apoptosis through the induction of signaling pathways that activate nuclear factor-κB (nF-κB) (1) (2) (3) (4) (5) . in rat-insulinoma (rin) cells, which are an insulin-producing transformed β-cell line, it was shown, by measuring intracellular calcium [ (6) . it was also shown that tnF-α-induced dysregulation of [ca 2+ ] i arose from a decrease in the total content of the cytoplasmic calcium binding protein calbindin-d 28k .
the objective of the present study was to test the hypothesis that tnF-α-induced dysregulation of [ca 2+ ] i in insulin-producing β-cells causes proteolytic degradation of iκBα and consequently leads to the transcriptional activation of nF-κB. the nF-κB heterodimer is localized in the cytoplasm in association with an inhibitory subunit (iκB or inhibitory κB) (7) . Following elevation of [ca 2+ ] i , iκB is phosphorylated, targeting it for ubiquitination and subsequent proteolysis. this frees nF-κB to enter the nucleus to bind dna and activate genes (8) (9) (10) . a key function of iκB's association with nF-κB is therefore its prevention of dna binding. it has been shown previously that the sensitivity of different transcription factors to [ca 2+ ] i oscillations is highly frequency-dependent (1, 11) . Since at present it is not known how the dysregulation of [ca 2+ ] i caused by tnF-α modulates the activation of nF-κB, the focus of the present study was on the dysregulation of [ca 2+ ] i as a mediator of cytokine-induced nF-κB activation via degradation of iκBα (1, 7, (11) (12) (13) (14) (15) . to test this hypothesis, rin cells were treated with increasing concentrations of tnF-α, and the following were measured: i) the degradation of iκBα using a FunctionEliSa protocol, ii) the translocation of nF-κB from the cytoplasm to the nucleus by immunofluorescence using an antibody directed against the p65 nF-κB subunit (16, 17) , and iii) nF-κB-dependent transcription based on the dna binding activity of nF-κB determined using an EliSa-based kit (17) . the results are discussed in light of the dysregulation of [ca 2+ ] i caused by tnF-α, which activates nF-κB in rin cells (6) .
Materials and methods
rinr 1046-38 (abbreviated as rin, a rat insulinoma cell line) insulin-producing β-cells were kindly provided by dr Bruce chertow (Veterans administration medical center, huntington, WV, uSa). rin cells were grown on 25-mm diameter glass coverslips in 6-well culture plates in a 5% cO 2 incubator at 37˚C. The cell culture medium was RPMI-1640 supplemented with 10% (w/v) fetal bovine serum, 100 u/ml penicillin and 100 µg/ml streptomycin (6) .
IκBα degradation in TNF-α-treated β-cells
Treatment with TNF-α. tnF-α initiates a signal transduction cascade that leads to the activation of the iκB kinase complex (7) . this complex phosphorylates iκBα, which leads to the ubiquitination of iκBα and its subsequent degradation by the 26S proteosome (1, 7, 11) . thus, analysis of the phosphorylation state of iκBα provides a correlation to the activity of the iκB kinase complex, as well as the activation of nF-κB. the rin cells were exposed to 2, 5, 10, 20 and 30 ng/ml of tnF-α at 37˚C for 20 min.
Preparation of whole cell lysates. the β-cell lysates from the control and tnF-α-treated rin cells were prepared by washing the cells twice with ice-cold pBS, followed by scrapping the β-cells using a scrapper and suspending the cells in 3 ml pBS. the cells were then centrifuged at 1,000 rpm for 10 min at 4˚C. The pellet containing β-cells was incubated in a complete cell lysis buffer for 30 min at 4˚C, followed by centrifugation at 14,000 x g for 20 min at 4˚C. The supernatant containing the cell lysate was collected, aliquoted and stored at -80˚C for further analysis. The total protein content was determined using a Bca protein assay protocol in a 96-well plate (pierce; catalog no. 23225).
Determination of phosphorylated IκBα using the FunctionELISA procedure. Standard phospho-iκBα solutions with concentrations ranging between 0.15 and 10 ng/ml in blocking buffer were prepared in a 96-well FunctionEliSa iκBα plate from a stock solution provided by active motif according to the manufacturer's instructions (active motif, carlsbad ca, uSa). the cell lysates from the control and tnF-α-treated rin cells were diluted to 1 mg protein/ml in blocking buffer, and 100 µl of the lysate was pipetted into each well. the FunctionEliSa iκBα plate was sealed and incubated at 4˚C for 4 h. The contents of the FunctionELISA IκBα plate were then removed by inverting the FunctionEliSa iκBα plate, and the wells were washed four times with 250 µl of wash buffer/well. the stock iκBα-detecting antibody was diluted to 1:250 in blocking buffer. iκBα-detecting antibody (50 µl) was added to each well, and the plate was incubated at room temperature for 1 h. the detecting antibody was then removed from the FunctionEliSa iκBα plate, and the plate was washed thoroughly four times in 250 µl of wash buffer/well. the horseradish peroxidase (hrp)-conjugated secondary antibody was then diluted 1:1,000 in blocking buffer, and 50 µl of this diluted secondary antibody was added to each well. the FunctionEliSa iκBα plate was incubated at room temperature for 1 h. Following this, the FunctionEliSa iκBα plate was washed five times as described above. Freshly prepared hrp EliSa substrate solution (50 µl) was added to each well. the luminescence from each well of the 96-well EliSa plate was then immediately measured using a tEcan 96-well plate reader GEnious plus with magellan version 6.5 software. the concentrations of phosphorylated iκBα were calculated from the standard graph obtained using phosphoiκBα control solution provided by the manufacturer active motif (FunctionEliSa™ iκBα for the detection and analysis of iκBα phosphorylation; catalog nos. 48005 and 48505).
Translocation of NF-κB from the cytoplasm to the nucleus.
tnF-α-induced nF-κB activation and dna binding in β-cells, as measured by translocation of nF-κB from the cytoplasm to the nucleus, were assessed by immunofluorescence using an antibody directed against the p65 nF-κB subunit as follows (17): the rin cells were exposed to 10 ng/ml tnF-α for 6 h at 37˚C; the control and TNF-α-treated rin cells on 25-mm diameter glass coverslips were then fixed by adding Bouin; the fixed RIN cells were further treated with a primary antibody directed against the p65 nF-κB subunit, followed by treatment with Alexa Fluor 488-coupled fluorescent secondary antibody; the confocal fluorescence images were scanned on a Nikon TE2000U inverted fluorescence microscope equipped with a nikon c1 laser scanning confocal microscope system; the ratio of fluorescence in the nuclei to that in the cytoplasm were calculated using metamorph 6.1 software (universal imaging corp., ca, uSa).
Transcriptional activation of NF-κB. transcriptional activation of nF-κB has been defined using several methods, including the use of nF-κB-dependent reporter assays and also a dna binding assay (17) (18) (19) (20) . active motif recently introduced the EliSa-based kit to detect and quantify transcription factor nF-κB activation. Briefly, RIN cells were grown on a T75 culture flask in a 5% CO 2 incubator at 37˚C. the cell culture medium was rpmi-1640 supplemented with 10% (w/v) fetal bovine serum, 100 u/ml penicillin and 100 µg/ ml streptomycin. after 5 days of culture, the rin cells were exposed to 2, 5, 10, 20 and 30 ng/ml tnF-α for 6 h at 37˚C. the nuclear extracts from the control and tnF-α-treated rin cells were prepared according to the manufacturer's protocol, and the procedure is briefly described below.
Preparation of nuclear extract. after treatment with tnF-α, the cell culture medium was removed from each flask, and the cells were washed thrice with ice-cold pBS buffer, scrapped with a scrapper and suspended in pBS buffer in 1.5-ml Eppendorf centrifuge tubes, followed by centrifugation at 500 rpm for 5 min at 4˚C. The cell pellet was suspended in 1x hypotonic buffer as per the manufacturer's protocol. after 15 min of incubation at 4˚C, 25 µl of detergent was added to each Eppendorf tube, followed by vortexing at high speed for 10 sec. the suspension was centrifuged at 14,000 x g for 30 sec at 4˚C. The pellet containing the nuclear fraction was resuspended in complete lysis buffer by pipetting up and down and was vortexed for 10 sec followed by incubation for 30 min on ice on a rocking platform set at 150 rpm. the contents were vortexed for 10 sec and then centrifuged at 14,000 x g for 10 min at 4˚C. The supernatant containing the nuclear fraction was aliquoted and stored at -80˚C. The protein concentration of the nuclear extract was determined using the Bca assay as described above.
Detection and quantification of NF-κB
hrp-conjugated secondary antibody (100 µl) was added to each well, and the plate was again incubated for 1 h at room temperature. the plate was washed four times with 200 µl of buffer/well. the colorimetric reaction was carried out by adding 100 µl of developing solution to each well followed by incubation for 5 min at room temperature. the reaction was stopped by adding 100 µl of stop solution to each well. the absorbance of each well was then read within 5 min at 450 nm, with a reference wavelength of 655 nm, on a molecular device Spectra max 340 pc 96-well plate reader.
Data analysis. data are presented as the means ± standard deviation for three individual experiments. One-way anOVa was used, as well as the Student's t-test, to study the statistical significance of the data obtained from the control and TNF-α-treated rin cells.
Results and Discussion
in β-cells, the uptake and metabolism of glucose lead to closure of atp-sensitive k + channels, depolarization of the plasma membrane and the subsequent influx of Ca 2+ through voltage-gated calcium channels. the ca 2+ signal provided by this influx of Ca 2+ is accompanied by the release of ca 2+ from the endoplasmic reticulum (21) (22) (23) (6) . in its inactive form, nF-κB consists of a three-subunit complex consisting of two (prototypical) subunits of 50 kda (p50) and 65 kda (p65; rela) and an iκB subunit (iκBα or iκBβ) (7). Following [ca 2+ ] i elevation, iκB is phosphorylated, targeting it for ubiquitination and subsequent proteolysis without affecting the integrity of the bound nF-κB dimer (24,25). the liberated nF-κB dimer is capable of binding dna and activating genes (10). a key role of the iκB association with nF-κB is therefore its prevention of dna binding (10, 26) .
in light of the discussion provided here, the aim was to ascertain whether, in insulin-producing β-cells, the dysregulation of [ca 2+ ] i by tnF-α leads to the transcriptional activation of nF-κB. to test this hypothesis, the experiments were designed and carried out as described above and the results are described and discussed as follows.
IκBα degradation in TNF-α-treated β-cells. activation of the iκB kinase complex, which is located in the cytoplasm and involved in the phosphorylation of iκBα, occurs due to the binding of tnF-α to the tnF-α receptor located on the plasma membrane, which in turn initiates a cascade of signal transduction events (7) . the activated iκB kinase complex phosphorylates iκBα, which is then followed by the ubiquitination of iκBα and its subsequent degradation by the 26S proteosome (1, 7, 11) . hence, analysis of the phosphorylation state of iκBα provides a correlation to the activity of the iκB kinase complex, as well as the activation of nF-κB.
the effects of tnF-α on the degradation of the iκBα subunit were examined. rin cells were treated with increasing concentrations of tnF-α ranging between 2 and 30 ng/ml at 37˚C for 20 min. The results are shown in Fig. 1 and indicate that, while in control rin cell lysate there was no phospho-iκBα present, thereby indicating the absence of degraded iκBα, in rin cells exposed to 2, 5, 10, 20 and 30 ng/ ml tnF-α, 17.176±2.85, 17.292±4.35, 53.77±5.63, 30.58±4.89 and 12±3.27 ng/ml phospho-iκBα/mg of total cell protein was observed, respectively (n=3, p<0.05). these observations indicate that 10 ng/ml tnF-α caused a maximum increase in the degraded iκBα as measured by the phospho-iκBα value of 53.77±5.63 ng/ml phospho-iκBα/mg of total cell protein (n=3, p<0.05). the results also suggest that tnF-α-induced signal transduction in β-cells results in the activation of the iκB kinase complex.
Transcriptional activation of NF-κB. as mentioned above, tnF-α-induced iκBα phosphorylation results in its ubiquitination and subsequent proteolysis, and therefore frees the nF-κB heterodimer bound to the iκBα. the liberated nF-κB dimer is capable of binding dna and activating genes. transcriptional activation of nF-κB has been defined by several methods including the use of nF-κB-dependent reporter assays and also a dna binding assay (18) (19) (20) . active motif has introduced the first ELISA-based kit to detect and quantify transcription factor nF-κB activation. this kit contains a 96-well plate, to which an oligonucleotide containing an nF-κB consensus binding 5'-GGGactttcc-3' site has been immobilized. the activated nF-κB contained in nuclear or whole-cell extracts specifically binds to this oligonucleotide. The primary antibodies used to detect nF-κB recognize an epitope on p65 that is accessible only when nF-κB is activated and bound to its target dna. By using an antibody that is directed against the nF-κB p65 subunit, the nF-κB complex bound to the oligo nucleotide is detected. addition of a secondary antibody conjugated to hrp provides a sensitive assay that is easily quantified by measuring the absorbance using a 96-well plate reader.
the transcriptional activation of nF-κB was measured by active motif's transam EliSa-based kit. as described above, the rin cells were exposed to 2, 5, 10, 20 and 30 ng/ ml tnF-α for 6 h at 37˚C. Our measurements of the transcriptional activity of nF-κB in the nuclear extracts of control and tnF-α-treated rin cells as shown in Fig. 2 The ratio of fluorescence intensity in the nuclei to that in the cytoplasm were calculated from the confocal fluorescence images shown in Fig. 3 by drawing regions of interest around several nuclei and the cytoplasm using metamorph 6.1 software (universal imaging corp). in the untreated rin cells, the ratio was 0.2078±0.0778 (n=11), whereas in rin cells treated with 10 ng/ml tnF-α, the ratio was 0.6267±0.1186 (n=11), indicating a statistically significant increase (P<0.05) in the nuclear translocation of NF-κB in the tnF-α-treated rin cells. Translocation of NF-κB from the cytoplasm to the nucleus. in its inactive form, nF-κB consists of a three-subunit complex consisting of two (prototypical) subunits of 50 kda (p50) and 65 kda (p65; rela), and an iκB subunit (iκBα or iκBβ) (7) . in the cytoplasm, the inactive nF-κB heterodimer with two protein subunits, p50 (molecular mass 50 kda) and p65 (molecular mass 65 kda), is bound to an iκB protein subunit (iκBα or iκBβ) (7) . activation of this inactive nF-κB complex by tnF-α or elevated [ca 2+ ] i through proteolysis degradation of iκBα allows the activated nF-κB to move freely between the cytoplasm and nucleus. upon entering the nucleus, the activated nF-κB is capable of binding dna and causes the transcriptional activation of several genes.
in insulin-producing β-cells, nuclear translocation of the activated nF-κB from the cytoplasm was measured by immunofluorescence confocal microscopy in conjunction with an antibody directed against the p65 nF-κB subunit. the confocal fluorescence images presented in Fig. 3 show the cytoplasmic and nuclear distribution of nF-κB fluorescence in the control (Fig. 3a) and tnF-α-treated (Fig. 3B) insulinproducing β-cells.
Subsequently, the ratio of fluorescence intensities in nuclear regions to cytoplasmic regions was calculated by drawing regions of interests in confocal images of control and tnF-α-treated β-cells using metamorph 6.1 software (Universal Imaging Corp.). The ratio of fluorescence in the nuclei to that in the cytoplasm of the untreated rin cells was 0.2078±0.0778 (n=11), whereas in rin cells treated with 10 ng/ml tnF-α, the ratio was 0.6267±0.1186 (n=11), indicating a statistically significant increase (P<0.05) in the nuclear translocation of nF-κB in the tnF-α-treated rin cells (Fig. 4) . the results shown in Figs. 3 and 4 indicate that indeed, in insulin-producing β-cells, the dysregulation of [ca 2+ ] i by tnF-α leading to the transcriptional activation of nF-κB occurs due to the increased nuclear translocation of nF-κB.
to elucidate the structural and functional parameters that define the relationship between calcium and the activation of nF-κB, lewis (11) and dolmetsch et al (1) conducted experiments using a 'calcium clamp', and showed that the sensitivity of different transcription factors, including nF-κB to [ 
